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Siunmary 

A miniature, high-performance, negative-capacity electrometer 

preaitiplif ier has been developed. 

new dual MOS transistor, which features high input impedance, low 

The circuit takes advantage of a 

input leakage current, and improved tracking of characteristics with 

temperature. 

performance are discussed. 

The need for such an amplifier, and its design and 

Introduction 

The preamplifier was originally designed for use with intra- 

cellular microelectrodes in recording bioelectric potentials. 

However, because of its characteristics, it is believed to be 

applicable to a wide variety of measurement problems, especially 

where stable wide-band d-c amplification from high impedance sources 

is required, for example, as a pickup plate video amplifier in 

I storage tube tests, and f o r  pH and ionization chamber measurements. 

In studies on individual nerve and muscle cells, potentials are 

measured with microelectrodes which have extremely small tip diameters. 

Because of their tiny contact area, such electrodes have very large 

impedances - of the order of megohms. 

measured are of very small magnitude, the circuit input current must 

be as s n d l  as possible for two reasons. 

polarize the microelectrode, causing voltage drift. 

although the magnitude of the current may be small, the current 

density may be large, and may fiamage the tissue being studied. 

Since the potentials being 

First, such currents can 

Secondly, 
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Ai T Q  the iripdt r x r e n z  i s  kept below 10-= A, i t s  e f f e c t s  w i l l  

be su i tab ly  minimized.2J3J4 

such a current l e v e l  without temperature-sensitive balancing schemes 

a r e  the  MOS t r a n s i s t o r  and the  electrometer vacuum tube. The MOS 

t r ans i s to r  was selected rather than an electrometer tube because of  

i t s  r e l i a b i l i t y ,  power, and s ize .  Miniaturization i s  desirable 

since it a l l o w s  the  preamplifier t o  be mounted close t o  t h e  source, 

thereby minimizing s t r a y  input capaci t ies .  

The only devices t h a t  can m i n t a i n  

KOS t r ans i s to r s ,  i n  common w i t h  other high impedance devices, 

have higher voltage noise l eve l s  than devices t h a t  operate a t  lower 

impedance l eve l s .  While the  noise l e v e l  might be s ign i f i can t ly  

reduced by using junction FEEL"s, f o r  example, t h e  higher input 

current charac te r i s t ic  of  these devices i s  in to le rab le .  A number of 
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excel lent  amplifiers have been described i n  the  literature, but 

none of  them w e r e  su i tab le  f o r  t h i s  appl icat ion e i t h e r  because they 

used vacuum tubes , required many adjustments , o r  required painstaking 

select ion of temperature compensation components. 

Equivalent Input Ci rcu i t  

A microelectrode implanted i n  biological  tissue is properly 

represented by a dis t r ibu ted  resis tance and capacity network, 

energized by a group of d i s t r ibu ted  sources. 

of t h i s  network i s  not possible,  a useful equivalent input c i r c u i t  f o r  

the system is  shown i n  Figure 1, where V i s  t h e  poten t ia l  being 

measured and Re i s  the  source o r  microelectrode resis tance.  The 

t o t a l  capacity t h a t  shunts the  input res is tance has three  components. 

While a t r u e  simulation 
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The f i r s t  i s  the input capacity, Ca, of t he  preangl i f ie r  wzich depends 

on the interelectrode capaci t ies ,  t i e  preamplifier gain, and t'ne c i r c u i t  

configuration used. The second component, CS, i s  the  capacity from 

the  amplif ier  input lead t o  the  surroundings. The t h i r d  component, 

C e ,  i s  the  source capacity which, i n  the case of t he  in t e rce l lu l a r  

microelectrode, appears because the electrode and the c e l l u l a r  t i s s u e  

form two conductors i so la ted  from each other by an insu la tor ,  thereby 

forming a capacitor.  

are assumed t o  be lumped. 

t he  order of 2 X l C 7  R 

t he  frequency response would be l imited t o  about 800 cps, which is  an 

order of magnitude l e s s  than tha t  desired.  

In  t h e  equivalent c i r c u i t ,  t h e  various components 

If the  probe resis tances  were typ ica l ly  of 

and the t o t a l  capaci t ies  were as much as 10-11 F, 

Ci rcu i t  Design 

The requirements f o r  l o w  input current,  high input res i s tance ,  

low noise ,  l o w  output impedance, and small s i ze  can e a s i l y  be m e t  by 

usi-ng an MCS t r a n s i s t o r  i n  conjunction with bipolar  t r a n s i s t o r s .  

If  a l l  th ree  electrodes of the input t r ans i s to r ,  plus a sh ie ld  

covering the  preamplifier input lead, are driven a t  a poten t ia l  close 

t o  t h a t  of the input of t h e  preamplifier, the  e f f ec t  of can 

be minimized. 

because Ce may not be accessible.  

Ca + CS 

This technique w i l l  not work f o r  reducing Ce, however, 

It i s  possible t o  compensate f o r  the e f f ec t s  of  Cay Cs,  and C e  

by using an input c i r c u i t  which, i n  e f f ec t ,  has a negative input 

capacity as shown i n  Figure 2 .  When C 1  i s  made equal t o  -C2, t he  

e f f ec t ive  capacity from point Y t o  ground i s  zero. Figure 3 is  a 



i -  
i 

4 

block diagram of such a c i r c u i t .  It is  assumed t h a t  amplifiers A and 

B have i n f i n i t e  input res is tance,  zero output impedance, md zero phase 

s h i f t .  Amplifier A has a gain of uni ty  and B has a gain of K; Re i s  

t h e  source resis tance,  C t  

appearing a t  t h e  input, and 

i s  the  sum of a l l  components of capacity 

Cf i s  a capacitor t h a t  provides pos i t ive  

feedback since there  is  zero phase s h i f t  around the  loop. The pr inc ip le  

of operation i s  explained in the  following paragraphs. 

Remove the  connection between points  P and &. If a square wave, 

e l ,  is  fed in to  the  input, the  voltage, e2, w i l l  have an ident ica l  

waveform and amplitude because of the  charac te r i s t ics  of amplifier A 

given above. The voltage e3 will a l s o  have the  same waveform as e l  

because of t he  charac te r i s t ics  of amplif ier  B, but w i l l  have an amplitude 

e3 = Ke2 = K e l  (1) 

Cf and C t  form a voltage divider such that 

Sinze t h i s  expression i s  independent of frequency, e4 has the  same 

waveforci as e l .  

Now choose K s o  tha t  

Cf + C t  
C f  

K =  ( 3 )  

Then 

e4 = el (4) 

The poten t ia l s  at points  P and Q are therefore  equal, independent 

of frequency, and can be connected without dis turbing the  c i r c u i t  
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opera t im .  Thus, a square wave input e l  results i n  an i den t i ca l  

output e2 i n  s p i t e  of  the presence of res is tance Re and shunt 

capacity C t  . 
Figure 4 i s  a c i r c u i t  diagram of a p rac t i ca l  negative-capacity 

preamplifier.  The input s igna l  i s  coupled t o  t h e  ga te  of &la, which 

i s  one-half of a dual MOS t r ans i s to r  used i n  a d i f f e r e n t i a l  amplifier 

configuration. Tem- 

perature compensation i s  achieved automatically by d i f f e r e n t i a l  act ion 

and because both t r a n s i s t o r s  a re  diffused on a s ingle  substrate .  Also, 

having two input terminals available s implif ies  t h e  design of the  c i r c u i t  

s ince both posi t ive and negative feedback from a single-ended output 

is required. The c i r c u i t  configuration requires  i so la ted  source leads  

from Ql. Although the  dual MOS t r a n s i s t o r  used has common source 

leads,  it has separate drain leads, so advantage was taken of the  

symmetry of the device and the  drain and source leads were interchanged. 

Since the  leads f o r  t he  sources are e l e c t r i c a l l y  i so la ted  and can be 

a t  d i f f e ren t  po ten t ia l s ,  the  MOS body could not be connected t o  t h e  

sources, as is usual.  Instead, it was connected t o  the  pos i t ive  supply, 

which maintains the  necessary b ias  condition. The required open-loop 

Sain i s  provided by Q2, &3, and Q5 and a low output impedance by &e. 

Tile temperature drift of &4, a constant-current generator, is compen- 

sated by C R ~ .  The se lec t ion  o f  vaiucs fo r  R i  2113 BC i s  in te res t ing  

f o r  two reasons. F i r s t ,  they cannot be omitted because the  source 

currents  would then be l imited t o  the  base currents of Q2 and &3. 

Such a low current would result i n  a voltage gain of considerably less 

This type of c i r c u i t  has a number of advantages. 
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t h a i  un i ty  for 

achieved with MOS devices a t  low current l eve l s .  Secondly, it is  

possible t o  ad jus t  t he  drain current so tha t  t he  temperature coef- 

f i c i e n t  of the  gate-to-source voltage i s  approximately zero. This 

is done by adjust ing R1 and R6 tG allow f o r  drain currents  of 

approximately 250 &. R7 and Re form a 2 t o  1 negative feedback 

po ten t i a l  divider ,  which sets the  closed-loop gain a t  2. The 

feedback capacitor value can be calculated from equation (3) if  the  

inaximuii sliunt capacity a t  the  input i s  assumed t o  be 10 pf .  

Rearrangbg equation (3) yields  

hila and Qlb, because of the low trzmxonductance 

- 10 pf C t  - 
Cf = - - - -  K - 1  2 - 1  

Care m u s t  be taken t o  insure the  s t a b i l i t y  of a c i r c u i t  which 

has a high open-loop gain w i t h  both overa l l  pos i t ive  and negative 

feedback. In the  present design, r e s i s t o r  R z  (2%) is shunted with 

C 1  (470 p f )  , giving the  20 db/decade rol l -off  i n  open-loop frequency 

response necessary f o r  s t a b i l i t y .  

If t he  negative capacity control,  R11, i s  overadjusted the  

c i r c u i t  will o s c i l l a t e ,  but when the  c i r c u i t  i s  adjusted f o r  c r i t i c a l  

damping, it is  s tab le .  

Performnce 

The measured performance o f  the  negative capacity preamplifier 

i s  tabulated below: 

Voltage gain 2 

Bandwidth - 50 R source 0 - 140 kcps 
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Input time constant with compensation 

adJusted f o r  c r i t i c a l  dampi'ig with: 

( a )  22 MQ source 

(b)  100 M i l  source 

Input res i s  tance 

D r i f t  measured a t  preamplifier output 

Input leakage current 

Equivalent input noise voltage* 

(a) With a 22 M!2 source resistance,  

measured over a 3 db bandwidth 

of 17.8 kcps, corresponding t o  

a 9 ps input time constant. 198 pv ms 

(b)  With a 100 Ms2 source resis tance,  

measured over a 3 db bandwidth 

of 13.3 kcps, corresponding t o  a 

12 ps input time constant. 234 pV RMS 

Power required 

Weight 4 g  

Volume 

k9.4 v a t  2.4 ITA 

3.6 x 1.1 x 1.0 em 
* A 22 Mil r e s i s t o r  generates 104 pV RMS over a 3 db bandwidth of 

17.8 kc, while a 100 MQ resistor generates 187 pV RMS over a 3 db 

bandwidth of Lj. j kc. 

Figure 5 shows the  response of the  c i r c u i t  t o  a square wave input 

with a 22 Mn source impedance. The square wave cannot be applied 

from a voltage source through a r e s i s t o r  because the  shunt capacity of 

t h e  r e s i s t o r  causes a peaking ef fec t  which r e s u l t s  i n  an apparent r i s e  



time faster than 'me r e a l  one. Instead, a t r iangular  wave i s  fed 

through a very s ~ n l l  d i f fe ren t ia t ing  capacitor t o  the preamplifier 

input, which i s  shunted by botii the  resis tance and t h e  capacity 

of t he  22 Mil r e s i s t o r .  Thus, t he  capacity of t he  source appears 

like any other input shunt capacity and can be e f f ec t ive ly  removed 

by appropriate adjustment of t h e  negative capacity control,  and 

t h e  d i f f e ren t i a t ed  t r iangular  wave produces the desired square mve  

input t o  the  preamplifier. 

8 

Figure 5(a) snows the  input waveform and Figure 5(b)  t he  output 

waveform with zero posi t ive feedback, t h a t  is ,  no negative capacity. 

The output t i m e  constant i s  about 100 ps, indicat ing an ac tua l  input 

capacity of about 3 pf . 
optimum adjustment of t he  negative capacity control R11.  Figure 3(d) 

shows the  e f f ec t  of too much negative capacity, spec i f ica l ly ,  with 

20 percent more pos i t ive  feedback than was used i n  Figure 5 ( c ) .  

Figure ? ( e )  i s  an expanded version of Figure 5 ( c ) ,  with optimum 

adjustment of negative capacity control.  

i s  3 ps. 

e f fec t ive  input capacity must have been 0.4 pf ,  which represents 

an e f f ec t ive  reduction i n  input capacity by more than an order of 

magnitude. 

Figure 5( e )  shows the  output waveform with 

The measured time constant 

To obtain t h i s  time constant with a 22 M!d source, t he  

Construct ion 

Figure 6 i s  a photograph of t he  preamplifier. To achieve the  

small s i ze ,  and for ease of construction, the  c i r c u i t  was packaged 

i n  a Rexolite former i n  which su i tab le  sized holes were d r i l l e d  for  



ertcli c~mipoiient. The individual par-ts were fixed in positicjii wish 

a drop of ac ry l i c  encapsulant and t h e i r  leads were bent over and 

soldered. 

Tlie negative capacity control i s  a screwdriver adjustment type; 

thus, t'ne feedback l e v e l  cannot be changed accidental ly  once it 

has been set. 

Conclusion 

The preamplifier described appears t o  be superior t o  previous 

tube-type designs because of i t s  performnce as w e l l  as i ts  reduced 

power consumption and s ize .  I ts  input current i s  four or  f ive  orders 

of  magnitude lower than t h a t  of junction FET c i r c u i t s .  

A fea ture  of the  c i r c u i t  i s  i t s  s implici ty  of operation. The 

number of adjustments i s  l imited t o  the  one necessary f o r  regulating 

the  negative capacity t o  suit di f fe ren t  source impedances. 

Finally,  the  c i r c u i t  i s  constructed i n  a manner which permits 

easy and repeatable assenibly i n  s p i t e  of i t s  small s i ze ,  and it i s  

not necessary t o  spec ia l ly  se lec t  any values.  
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Vi;:ui*c 1. - U’i’ective ecluivnl.ellt input c i r c u i t  . 
Figure 2 .- Negative capacity principle.  

Figure 3.- Block diagram of negative capacity preamplifier.  

Figure 4. - Circui t  diagram of negative capacity preamplifier . 
Figure 5.- Waveform showing e f fec t  of negative capacity adjustment. 

Figure 6.- Photograph of preamplifier. 














